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PURPOSE: To investigate the causal connections between ischemia and the hyperintensity in 

diffusion-weighted MR images that has been associated with it. METHODS: Diffusion-weighted 

and T2-weighted MR imaging were used in a feline global cerebral ischemia/reperfusion model. 

Single 30-minute vascular occlusions followed by reperfusion were studied. Global occlusions were 

used to avoid interpretive complica tions associated with the temporally unstable hemodynamics 

of the penumbral zones around focal occlusions and the possible growth of the ischemic and 

penumbral regions with time. RESULTS: Diffusion-weighted hyperintensity and the associated 

diffusional slowing were not attributable exclusively to the cessation of blood flow because: 1) it 

does not appear abruptly at the onset of ischem ia; 2) it resolves slowly early in reperfusion; and 

3) it reappears after prolonged reperfusion. CONCLUSION: The times during which diffusion

weighted hyperintensity is manifested during ischemia, and recovers with reperfusion, point to a 

role for energy metabolism failure. 

Index terms: Brain , ischemia; Brain , magnetic resonance; Magnetic resonance, diffusion-weighted 

scanning; Magnetic resonance, experimental ; Animal studies 
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Diffusion-weighted spin-echo (DWSE) mag
netic resonance (MR) (1 , 2) has been shown to be 
sensitive to ischemic brain injuries in studies in 
which DWSE MR measurements were performed 
in cats and rats after focal occlusion of the cere
bral vasculature (3-13). These studies have 
shown that ischemic cerebral tissue produces 
abnormally hyperintense signal in diffusion
weighted MR imaging earlier in the infarction 
process than in conventional T2-weighted MR 
imaging. A recent study of stroke patients has 
provided a further confirmation (14). The results 
are consistent with the slowing of the random 
diffusional motions of the water molecules in the 
damaged tissue, but the underlying patho-
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physiologic processes that induce the diffusional 
slowing have yet to be clearly elucidated (2 , 7) . 

The goal of the present work was to make 
sequential DWSE MR measurements during is
chemia and reperfusion to improve our under
standing of the causal connections between 
cerebral ischemia and the slowed diffusion . Spe
cifically, we sought to establish whether the dif
fusional slowing occurred abruptly at the onset 
of ischemia and quickly recovered with reperfu
sion. A demonstration that the ischemic hyper
intensity in the diffusion-weighted images devel
ops instantaneously with ischemia would lead to 
the conclusion that it is causally associated with 
ischemia per se , whereas a slower contrast de
velopment would implicate a slower process that 
is only initiated by ischemia. 

Materials and Methods 

Animal Preparation 

Animal studies were performed in compliance with Na
tional Institutes of Health guidelines after approval by the 
relevant local committees. Adult cats (3.0-4.0 kg) were 
tranquilized with ketamine (15 m g/ kg administered intra
m uscularl y) and then anesthetized wi th 2% to 3% halo
thane in 30% 0 2 and 70% N20 applied via a face mask. 
After endotracheal intubation and placement of catheters 
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in a femoral artery and a femoral vein , the animals were 
immobilized with a constant intravenous infusion of 3 to 6 
mg/kg per hour succinylcholine chloride and ventilated 
mechanically with 1% to 2% halothane in 30% 0 2 and 
70% N20. The tidal volume was adjusted to produce P.0 2 
of 100 torr or greater and P.C02 of 30 to 40 torr. Temper
ature support was provided by a thermostat-controlled, 
circulating-water heating pad placed around the body. 
These conditions were maintained throughout the subse
quent surgery for placement of the arterial occluders and 
the MR studies. Arterial blood pressure was monitored 
throughout the study. Arterial blood samples were with
drawn for measurement of pH and blood gases periodically. 

Ischemia 

Global cerebral ischemia was produced by reversible 
intrathoracic occlusion of the innominate and left subcla
vian arteries, which supply both carotid and vertebral 
arteries in the cat. For this purpose, a midsternum thora
cotomy was performed, and the vessels exposed at their 
origin from the aortic arch were surrounded by fluid-filled 
vascular occluders (In Vivo Metric, Healdsburg, Calif), which 
could be inflated by remote application of pressure on the 
catheters connected to the occluders. Before occluder 
placement, the internal mammary arteries were perma
nently ligated to prevent collateral blood supply to the 
subclavian arteries. After placement of the occluders, the 
sternum was closed with sutures, and the head was placed 
within the radio-frequency coil with the animal in a supine 
position to minimize motion artifacts ( 1 0). Two reference 
samples, one containing distilled water and the other con
taining corn oil, were placed beside the head to provide 
invariant signal-intensity references. Two groups were ex
amined. The 30-min ischemia group (n = 5) received a 30-
min episode of global cerebral ischemia followed by reper
fusion. The control group (n = 3) had surgery and occluder 
placement without ischemia. 

MR 

MR data were obtained with a General Electric 2.0-T 
Omega MR system (GE NMR Instruments, Fremont, Calif) 
with a horizontal clear bore of 35 em. The system included 
a self-shielded gradient set capable of producing gradient 
pulses up to 4.0 gauss/ em. A home-built bird-cage radio
frequency coil (15-cm diameter) was used as transmitter 
and receiver. The subject was centered in the magnet/ 
gradient system with the aid of T1-weighted MR images 
and not moved for the remainder of the study. T2-weighted 
spin-echo (T2WSE) MR imaging was performed in the 
coronal plane using the standard imaging pulse program 
provided by the manufacturer (GE NMR Instruments, Fre
mont, Calif) . Typically , acquisitions were obtained using 
the following parameters: 8 sections, 2800/ 80/ 2 (repetition 
time/ echo time/ excitations), 2-mm section thickness, 2-
mm section gaps, 120-mm field of view, 128 phase-encode 
steps, and 256 points per echo. Image data were filtered , 
zero filled to 2562, Fourier transformed, and magnitude 
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corrected with the Omega MR system. DWSE MR was 
performed using the same parameters used for the T2WSE 
MR, with the addition of a pair of strong gradient pulses 
(30-msec duration) during the echo time intervals. The "y" 
gradient (ventral-dorsal axis) was used for the diffusion
weighting pulses in all cases. The "b" value (2), in the y 
direction for the entire sequence, was calculated to be 740 
seconds/mm. The b values along other axes were negligi
ble. 

Region-of-Interest Analysis 

T2WSE MR and DWSE MR images were transferred to 
a Macintosh computer (Apple Computer, Cupertino, Calif) 
where region-of-interest (ROI) analysis was performed with 
the NIH-IMAGE program (National Institutes of Health, 
Bethesda, MD). Global as well as focal ROI measurements 
were performed. For the global ROI analysis, the signal 
intensity from all brain parenchyma in the four sections 
centered around the thalamic nuclei was measured at each 
time point, normalized to the oil-reference sample's inten
sity for that section, and averaged. The volume-averaged 
signal intensities were then normalized for each subject to 
those obtained before ischemia . . This global ROI analysis 
was designed to give a picture of the temporal changes in 
the DWSE MR signal intensity for all cerebral tissue and 
was appropriate given the global nature of the ischemia. 
Its primary potential shortcoming is the underestimation of 
the magnitude of the changes in ischemia-sensitive tissues 
through averaging with less sensitive tissues. Data from 
different subjects obtained during specific time windows 
relative to the occlusion were pooled for statistical analysis. 
For the focal ROI analysis, relevant anatomic structures 
(lateral gyrus gray matter and basal ganglia) were identified 
in single sections of the preischemic T2WSE MR images. 
The signal mean intensities of these regions were then 
obtained from the DWSE MR data. Each individual meas
urement was first normalized to the signal intensity of the 
oil-reference sample and then normalized to the preis
chemic measurement. 

Apparent Diffusion Coefficients 

The theory behind computing Apparent Diffusion Coef
ficients (ADCs) from diffusion-weighted MR data has been 
previously described (2). ADC images of selected sections 
in selected subjects were computed using a two-point 
method. A DWSE MR data set (b = 740 sec/mm2) and a 
single T2WSE MR data set (b = 0 sec/mm2) from the same 
section provided the raw data for these computations. The 
ADC in each volume element in the images was obtained 
by dividing the difference in the logarithm of the signal 
intensity between the two images by the difference in the 
b values (740 sec/ mm2) used to acquire the two images. 
The ADC images were then formed from the ADC values 
obtained from each of the volume elements by assigning a 
gray level (white indicates higher ADC) to the values. A 
previously described program (15) was used to perform the 
calculations. The relatively slow spin-echo imaging meth-
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ods, and the need to archive data periodically, necessitated 
a finite time separation between collection of the two 
component images used for the computation. Alternative 
more rapid methods based on diffusion-weighted echo
planar MR (2, 16, 17) were not used because they produced 
anatomic images of lower quality than spin-echo methods, 
and because a pulse program capable of multiple section 
data collection was not readily available. In general , ADCs 
were calculated using component images that were ac
quired within 15 minutes of each other. The ADC compu
tations made for the preischemic and ischemic periods 
represented exceptions, as they were made using preis
chemic T2WSE MR data. 

Results 

Control Group 

Three control subjects were studied with 
DWSE MR and T2WSE MR for periods up to 24 
hours. No remarkable changes in the DWSE MR 
signal intensities were observed in any of the 
three subjects. Results of the ROI analyses from 
these subjects are shown in the figures illustrating 
the ROI analyses of the ischemia-group images 
(see below). 

Thirty-Minute Ischemia Group 

Thirty-minute vascular occlusions followed by 
reperfusion were performed in five subjects. Four 
of these studies yielded interpretable DWSE MR 
data, with motion artifacts precluding the analysis 
of the data from one subject. Representative data 
from a section through the thalamic nuclei from 
one of the subjects showing the diffusion
weighted signal intensity changes from preis
chemia to reperfusion are displayed in Figure 1. 
Before occlusion (control image, -7 minutes), the 
signal characteristics of normal brain (hyperin
tense gray matter relative to white matter and 
cerebrospinal fluid) were consistent with previous 
reports (4, 9, 12, 13, 17, 18). During the occlusion 
(ischemic, +23 minutes), a slow increase in the 
signal intensity of cortical gray matter and basal 
ganglia with no substantial change in the white
matter signal intensity was observed. During the 
first hour of reperfusion (reflow, +63 minutes), 
there was a slow, partial return to the preischemic 
appearance, followed by a bilateral increase in 
the signal intensity from the gray matter of the 
lateral gyri and the dorsal hippocampi (ref) ow, 
+ 139 minutes). By 4 hours after occlusion the 
hyperintensity spread to the suprasylvian gyrus, 
without any noticeable change in the white-mat
ter tracts (reflow, 265 minutes). At 9 to 10 hours 
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after occlusion (reflow, 577 minutes), there was 
diffuse gray-matter hyperintensity, and compres
sion of the cerebrospinal fluid spaces was appar
ent. 

The results of the global ROI analysis appear 
in Figure 2. The two measurements made before 
ischemia, and those made in the control subjects , 
reveal that the measurement variance in the nor
malized signal intensity is small relative to the 
changes brought about by ischemia. The mean 
signal intensity measured from the latter of the 
two acquisitions made during ischemia is signifi
cantly higher than that measured from the earlier 
one (P < .05, Student t test, Bonferroni correc
tion). The early ischemic measurements (9-13 
minutes) are not significantly different from the 
preischemic control measurements, whereas the 
later measurements made during ischemia (21-
27 minutes) are significantly higher than preis
chemic measurements (P < .05, Student t test, 
Bonferroni correction). Notice that reperfusion 
does not bring about an abrupt return of the 
signal intensity to preischemic values. Measure
ments made during the first hour of reperfusion 
show that the signal intensity remains signifi
cantly elevated relative to control (P < .05, Stu
dent t test, Bonferroni correction). The average 
signal increase during ischemia is on the order of 
20%, and the immediate reperfusion interval is 
characterized by an average signal increase rela
tive to the preischemic values of 10% to 20 %. 
These results reveal that the DWSE MR signal 
intensity does not abruptly increase with .the 
onset of ischemia, nor does it return to normal 
immediately with reperfusion . 

The results of the focal ROI analysis appear in 
Figure 3. The evolution of the normalized DWSE 
MR signal intensity in the basal ganglia (Fig 3A) 
and gray matter of the lateral gyrus (Fig 3B) are 
shown for each of the four subjects. The scatter 
in these data is larger than that shown in Figure 
2 because the ROis are smaller in area and are, 
thus, more markedly influenced by noise and 
motion artifacts. Although analysis of these data 
do not allow statistically relevant conclusions, 
they qualitatively support the conclusions made 
from the global ROI analysis. In each case, the 
signal intensity determined from the latter of the 
two images obtained during ischemia is larger 
than that obtained from the first ischemic image. 
Moreover, none of these measurements provides 
any evidence of an abrupt return of the signal 
intensity to normal with reperfusion . 
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Fig. 1. Representative DWSE MR data 
from one subject in the 30-min ischemia 
group. Selected images (acquisi t ion condi
tions given in Materials and Methods) taken 
at the times indicated (beginning of occlu
sion to the midpoint of image acquisition) 
from 2-mm-thick sections are shown. The 
standard contain ing corn oi l is evident below 
and to the left of each image. The temporal 
invariance in the intensity of the sample and 
the surface fat rule out complica ting t ime
dependent intensity variations arising from 
instrumental causes. The higher intensity of 
the more v iscous corn oil sample (slower 
diffusion than water) veri f ies that the images 
are diffusion weighted. 
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Fig. 2. Temporal behavior of the normalized total-brain DWSE 
MR signal intensity during ischemia and early reperfusion in the 
30-min ischemia group (n = 4) and the contro l group (n = 3). 
See Materials and Methods for ROI analysis procedures. Means 
are shown as circles connected by solid lines. Dashed lines and + 
symbols denote 1 SD from the means. 

The signal intensities in the DWSE MR images 
shown in Figure 1 and used for the ROI analyses 
are dependent on T2 and the ADC. The effects 
of these two parameters may be separated if 
T2WSE MR data are available (see Materials and 
Methods). T2WSE MR measurements were not 
made with the same frequency as the DWSE MR 
measurements , because our primary goal was to 
describe the evolution of the DWSE MR data . 
Also, previous studies have shown T2WSE MR 
to be relatively insensitive to acute ischemia (6 , 
10, 13, 19- 2 1), and our T2WSE MR data (data 
not shown) are consistent with these previous 
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reports, in that no substantial variations were 
observed until hours after the occlusion/reperfu
sion procedures. In all cases the earliest postische
mic T2WSE MR was indistinguishable from that 
obtained before ischemia. The ADC images 
shown in Figure 4 were computed for the subject 
whose images appear in Figure 1, using DWSE 
MR and T2WSE MR data (see Materials and 
Methods) . These calculated images demonstrate 
a uniform decrease in the ADC in cortex, hippo
campus, and basal ganglia during ischemia (is
chemic, +24 min) . However, the white-matter 
ADC obtained during ischemia is similar to that 
measured in the preischemic period. The first 
hour of reperfusion is characterized by a slow 
trend toward recovery, but the image obtained at 
97 minutes shows that the ADC in the parts of 
the basal ganglia has not yet returned to its 
preischemic value. Subsequently, a bilateral de
creased ADC in the lateral gyri becomes apparent 
(reflow, +279 min). This is followed by a diffuse 
decrease in the ADC (reflow, +577 min). The 
mean numerical ADC values with standard devia
tions of selected tissues at selected times are 
provided in Table 1. These data show that the 
ADCs of ischemia-sensitive tissue are decreased 
by 10% to 30% by the end of the ischemic period 
(2 1.7 minutes) and then drop further after pro
longed reperfusion , reaching close to 50% of the 
control value in some tissues (particularly the 
lateral gyri) by the conclusion of the study. 

Discussion 

In contrast to earlier studies (3-13), a focal 
brain ischemia model was not used in our study. 
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Fig. 3. Temporal behavior of the normalized signal intensity from ROis placed in the lateral gyrus (A) and basal ganglia (B). See 
Materials and Methods for ROI analysis procedures. The results from the four separate subjects are shown as squares connected by 
solid lines. Movement artifacts in the images obtained during the occlusion were responsible for the large deviations shown for one 
subject. The mean ± 1 SD for the same ROis in the control group are shown in the lower right corner of each plot. 

TABLE 1: Mean ADCs, 30-min vascular occlusion 

Time• n Lateral Gyrusb Hippocampusb 

-20.5 (11.8) 4 1.11 (0.11) 1.08 (0.22) 

21.7 (2.2) 4 0.94 (0.26) 0.92 (0.38) 

80.7 (12.0) 4 0.58 (0.16)c 0.75 (0.21) 

157.0 (19.1) 3 0.67 (0. 19) 0.69 (0.14) 

272.3 (6.5) 3 0.56 (0.14)c 0.75 (0.16) 

• Va lues in minutes with standard deviations given in parentheses. 

Fig. 4. Representative calculated images 
of the ADC taken from the same study and 
image plane shown in Figure 1 (See Materials 
and Methods for details) . Larger ADC's are 
shown as more intense signals. The times at 
which the DWSE MR component images 
were obtained (beginning of occlusion to the 
midpoint of image acquisition) are shown 
below each image. The standard containing 
water is evident below and to the right of 
each image. The time between the acquisi
tion of the T2WSE MR component image 
and the DWSE MR component image was 
less than 15 min for the three reflow images. 
The T2WSE MR component image used for 
the calculation of the control and ischemic 
images was obtained 160 min before the 
occlusion . 

White Matterb Thalamusb 

1.03 (0.09) 0.89 (0.12) 

0.75 (0.10) 0.76 (0.26) 

0.99 (0.34) 0.68 (0.22) 

0.73 (0.30) 0.68 (0.36) 

0.87 (0.29) 0.74 (0.34) 

b Values in millimeters squared per second X 10- 3 with standard deviations given in parentheses. 

c Significant relative to control period (P < .05, Student t test, Bonferroni correction). 
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Instead, we used a reversible extracranial vascular 
occlusion model (22-28) that produces global 
cerebral ischemia. This model allows one to ma
nipulate blood flow after the subject has been 
positioned in the magnet and thereby permits 
image acquisition in the very early stages of 
ischemia and reperfusion. A second rationale for 
using a global cerebral ischemia model is that one 
is not presented with the problems related to the 
interpretation of changes in diffusion properties 
connected with the complex and temporally un
stable hemodynamics in the vicinity of a focal 
occlusion (29-34). Soon after the onset of focal 
ischemia a luxury hyperperfusion may be ex
pected in the ischemic penumbra, with possible 
later development of hypoperfusion. Juxtaposed 
to this is the ischemic core where blood flow is, 
by definition, zero. Given the limited spatial res
olution of MR (particularly in the direction per
pendicular to the imaging plane), it would be 
problematic to differentiate temporal changes in 
the DWSE MR signal intensity arising from the 
evolution of the hemodynamic conditions in these 
two tissue volumes from changes caused by the 
growth in their volumes. Interpretation of signal 
intensity changes with a controlled global ische
mia model is far more straightforward, because 
partial volume effects exert a smaller influence. 

The vascular occlusion model used in this 
study permits the global inhibition of cerebral 
blood flow to values well below the ischemic 
threshold for functional failure in a matter of 
seconds (22, 23, 25, 28). Furthermore, the ability 
to reperfuse in a few seconds, even after pro
longed ischemia, to a norma- to hyperemic state 
by releasing the occlusion is well documented 
(25, 26). A hypoperfused state, which may persist 
for many hours, characterized by a cerebral blood 
flow of about 50% of control values and without 
C02 reactivity , eventually develops with reperfu
sion (24, 26). During the hypoperfusion, the cer
ebral blood flow is sufficient for the recovery of 
aerobic energy metabolism (27, 28), but the lack 
of C02 reactivity may put the tissue at risk of 
secondary metabolic failure because the blood 
flow is low and may not be sufficient to compen
sate for renewed oxygen and glucose demands 
as the tissue begins to function. 

In this study, DWSE MR measurements were 
made during the ischemic and postischemic 
states. The model used here permits one to de
termine whether diffusional slowing occurs ab
ruptly with ischemia and abruptly recovers with 
reperfusion. The three primary findings are: 1) 
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the ischemia-associated hyperintensity in DWSE 
MR measurements does not appear instanta
neously at the onset of cerebral ischemia; 2) the 
hyperintensity does not resolve instantaneously 
with reperfusion after prolonged ischemia; and 3) 
the hyperintensity may reappear later during re
perfusion. Thus, we have confirmed with a global 
ischemia model previous findings with focal 
models (3-13) that abnormal diffusion properties 
are associated with ischemia. Furthermore, we 
have shown that the temporal correlation be
tween the development and/or resolution of ab
normal diffusion properties and the initiation of 
ischemia or reperfusion is not close. These find
ings are consistent with recent studies that show 
a noninstantaneous diffusional slowing with the 
onset of focal ischemia (4). Our observations lead 
to the conclusion that the causal associations 
between the abnormal diffusion properties and 
ischemia are indirect. The diffusional slowing 
must be brought about by some ischemia-elicited 
pathophysiologic mechani!3m or mechanisms, 
which: 1) take place several minutes after the 
onset of ischemia to be manifested; 2) resolve 
slowly during the first hour of reperfusion; and 3) 
may redevelop at later times during reperfusion. 

The observation that ischemia-elicited diffu
sion-weighted hyperintensity is not directly as
sociated with ischemia per se permits us to rule 
out some of the possible causation hypotheses, 
such as decreased tissue pulsatility discussed in 
previous publications (2, 7 , 1 0). One hypothesis 
that is consistent with the present observations is 
the "cytotoxic edema hypothesis" (35), in which 
the cellular swelling that results from energy 
failure followed by the failure of ion homeostasis 
is associated with the slowed random diffusion. 
Such an association may arise in a number of 
possible ways. As ion homeostasis fails, water is 
redistributed from the extracellular compartment, 
where diffusion may be less restricted, to the 
intracellular space, where it may be more re
stricted because of the presence of limiting mem
branes and to a generally more viscous environ
ment. Alternatively, as ion homeostasis fails and 
the cells swell, there may be a decrease in the 
membrane water permeability because of mem
brane structural changes. In either case, the con
sistency of the present observations with the 
cytotoxic edema hypothesis arises from the fact 
that ion homeostasis does not fail immediately at 
the onset of ischemia but occurs more slowly, as 
the energy-yielding adenosine triphosphate pool 
is depleted (36-39). The adenosine triphosphate 
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pool is depleted during the first few minutes of 
ischemia (27, 28, 37, 40-46) and shows a slow 
recovery during reperfusion after prolonged is
chemia (27, 28, 37, 40, 44, 46). These time 
features generally fit with the temporal behavior 
of the DWSE MR properties observed here . The 
hypothesis is also supported by studies in which 
the cytotoxic edema associated with focal ische
mia was modulated pharmacologically (7) , by 
studies in which a sodium-calcium ion channel 
modulator reduced the size of the hyperintense 
volumes seen on diffusion-weighted MR images 
after focal cerebral occlusions (9), and by studies 
in which kainic acid injection, without ischemia, 
led to hyperintensity in diffusion-weighted MR 
images (47) . It also has been supported by cor
related measurements of diffusion-weighted hy
perintensity and adenosine triphosphatase activ
ity, in a focal ischemia model (48). 

Our results demonstrate that diffusion
weighted MR hyperintensity can redevelop during 
the reperfusion period after global cerebral ische
mia. Furthermore, we have found (Fig 4 and 
Table 1) that the ADCs are decreased to a greater 
extent during the late-reperfusion period than 
they are during the occlusion. The discussion 
above would suggest that the development of 
diffusion-weighted hyperintensity during the re
perfusion should correlate with a failure in energy 
metabolism. Previous studies using this model 
(27) have shown evidence for energy metabolism 
failure after successful reperfusion and repletion 
of the A TP pool. This reasoning underscores the 
need for combined MR spectroscopic and DWSE 
MR observations during the reperfusion period. 
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